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Label-free sensing below the sub-diffraction limit of virus-like 
particles by wide-field photon state parametric imaging of a gold 
nanodot array 
Xiao Jin, ‡a Heng Zhang, ‡a Bin Ni,a Weiping Liu,a Lianping Hou,b John H. Marsh,b Shengwei Ye,b 
Xiao Sun,b Xiaofeng Li,c Shanhu Li,d Lei Dong,e Jamie Jiangmin Hou,f Ming Sun,a Bin Xu,a Jichuan 
Xiong, *a and Xuefeng Liu*a
A parallel four-quadrant sensing method utilizing a specially 
designed gold nanodot array is created for sensing virus-like 
particles with sub-diffraction limit size (~100 nm) in a wide-field 
image. Direct label-free sensing of virus using multiple four-
quadrant sensing channels in parallel in a wide-field view enables 
the possibility of high-throughput onsite screening of virus.
Infections from viruses and other pathogens are a major threat 
to human health and even to the survival of the human race. 
The outbreak of SARS-CoV-2 has resulted in millions of deaths 
worldwide.1 Rapid detection techniques with high throughput 
and sensitivity which allow onsite operation with minimal 
requirements for sample preparation and test environment are 
essential for the prevention and control of pandemics.2-4
Conventional methods for virus detection include 
polymerase chain reaction (PCR), serological analysis, and 
imaging technologies such as computerized tomography (CT) 
scans.5-9 Various diagnostic sensors have been developed to 
support the standard SARS-CoV-2 diagnostic techniques, which 
are mainly based on antigenic probes such as whole virus 
particles and surface antigens (capsids, envelopes, nucleocapsid 
proteins) and deliver qualitative outputs (i.e., positive or 
negative). However, these methods necessitate skilled 
operators and require hours or even days to perform the 
analysis. Meanwhile, they are also restricted by the small 
number of antibodies produced during different phases of 
infection.10,11 
Compared with contemporary virus identification 
methods, optical imaging is a promising method for fast virus 
screening,12,13 which includes a visual inspection of cell cultures, 
fluorescence-based readout and indirect detection via 
refractive index changes and other mechanisms.14-16 Challenges 
faced by direct optical imaging of viruses include the diffraction 
limit size of particles and the need for sophisticated labeling.17,18 
In order to improve the sensitivity of optical imaging, 
research efforts have been made on developing various labeling 
and signal amplification methods for virus imaging and sensing.  
The utilization of nanoparticles, including quantum dots, 
magnetic particles, polymer nanoparticles, and noble metal 
nanoparticles, has led to significant enhancement in the 
detection sensitivity of viruses.19-24 Among the various types of 
nanoparticles, metallic nanoparticles show the distinct feature 
of localized surface plasmon resonance (LSPR), induced by the 
interaction of the free-electron cloud of metal nanoparticles 
with the incident electromagnetic field. Gold nanoparticles 
have attracted much attention due to their easy modification 
with biomolecules, allowing tight attachment of the 
aforementioned antibody or nucleic acid.25-27 These strategies 
mainly rely on exploiting the spectral response of gold 
nanoparticles decorated with virus-specific antigens, which 
needs relatively complicated sample preparation. Moreover, 
their single-channel operation manner limits their application 
to high-throughput virus screening. 
In our recent efforts, gold nanoparticles (AuNPs) were used 
to amplify the scattering signal of virus in photon state 
parametric imaging, which suggests the possibility of wide-field 
sensing of virus particles.28 It is found that the antigen-
decorated AuNPs attach to virus particles and enhance the 
optical scattering signal due to localized plasmons. However, 
stray AuNPs would randomly aggregate with pathogens, 
forming different morphologies at random locations in the field 
of view of the microscope. The random distribution of AuNPs 
degrades the connection efficiency of virus to antigens, and also 
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means the virus-specific signal is obscured by noise scattered 
from other locations. Furthermore, similar sample preparation 
is required to that in the gold spectrum-based techniques. 
To overcome the limitations of current techniques which 
will be difficult to use in onsite virus screening, in this letter, a 
virus-like particle sensing method is proposed that operates in 
a parallel manner with wide-field optical images. This is 
achieved by utilizing grouped gold nanodots as sensing channels 
in a specifically designed gold nanodots matrix on a Si substrate. 
A well-regulated optical distribution is formed in the field of 
view by the scattering from each dot in the matrix. The gold 
nanodots also demonstrate high efficiency in capturing the 
virus, allowing label-free sensing of virus-like particles under the 
sub-diffraction limit with a simple optical setup. In addition, 
sample preparation processes are minimized and can be used 
easily in a drop-and-observe manner, which makes the 
technique attractive for large-scale onsite virus screening. It 
should be noted that the process of optical scattering in our 
method is independent of labels, which provides various label-
free applications like water impurity detection or concentration 
and particle size analysis for a known sample.
The layout of the gold nanodot array is shown in Fig. 1.  The 
fabrication process of the gold nanodot array is listed as follows 
(more details in Supporting Information and Fig. S2). The 
surface of the silicon substrate was first cleaned via acetone and 
Isopropyl Alcohol (IPA). After that, a 200 nm thick Polymethyl 
Methacrylate (PMMA) photoresist layer was spun on the 
substrate. Then the gold nanodot array was defined using 
electron beam lithography (EBL) and such pattern was 
subsequently transferred on the PMMA by development. Next, 
a 10 nm thick titanium layer for enhanced adhesion and a 70 nm 
thick gold layer were deposited successively by employing the 
electron beam evaporation method. Followed by lift-off and 
cleaning procedures, the desired gold nanodot array was finally 
realized. Here, the diameter of a single gold disk is 110 nm, with 
a height of 70 nm. To avoid light coupling between adjacent 
dots, the spacing between adjacent disks in the horizontal and 
vertical directions was 1μm. Gold nanodots array with a spacing 
of 0.5 μm was also fabricated and tested as a reference result 
to confirm the influence of light coupling. Since every group of 
four neighboring nanodots in the array will be utilized as a 
sensing channel for virus detection, its detailed geometry plays 
an important role in determining the image quality and 
detection sensitivity. The nanodots were made as round disks 
with dimensions close to the size of the virus-like particles. The 
circular shape of the disks guarantees an equal probability of 
virus attachment from any direction around the nanodot. The 
diameter of the gold disk was chosen to enhance photon 
scattering at the wavelength of 554 nm, which lies in the 
spectral range of the camera with a relatively high quantum 
efficiency. 
The photon state parametric images of the sample, i.e., 
sinδ and ϕ, were obtained using the polarization indirect 
microscopic imaging (PIMI) technique previously developed by 
our group (see the Supporting Information).29,30 The 
experimental system is based on a conventional reflection 
microscope (Olympus BX51), where a 554 nm filter is placed in 
front of the light source. A highly sensitive CCD (PiA2400-17gm, 
Basler) with 5 million pixels was used in combination with a 
100× objective lens, making it possible to obtain images in 
which the pixel size corresponds to 34.5 nm.
Fig. 1 Schematic of virus-like particle detection and dimensions of gold nanodot arrays on a silicon substrate
The schematic of the PIMI system is shown in Fig.2. In our 
PIMI measurement, the light reflected by the sample was 
passed through a quarter-wave plate and a linear analyzer was 
placed in front of the image plane with their fast axes oriented 
at 45° and 90° respectively relative to the x-axis. 
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Fig. 2 Diagram of measurement under PIMI system
The incident polarized light was rotated from 0° to 180° in 
steps of 18°, the resulting 10 images were collected and fitted 
to a sine curve at every pixel (more details in Supporting 
Information and Fig. S1), according to the formula:
                 (1)𝐼𝑖 = 1/2 × 𝐼0[1 + sin𝛿 sin2(𝜃𝑖 ― 𝜙)].
Here  is th output intensity,  is the background intensity 𝐼𝑖 𝑖 𝐼0
and  is th rotating angle. After curve fitting, the two indirect 𝜃𝑖 𝑖
photon parameters, sinδ and ϕ were obtained which 
respectively represent the phase difference between the two 
orthogonal polarization components of the scattered light and 
the polarization ellipse orientation angle of the beam reflected 
from the sample.
The polarization states of photons scattered by deep sub-
wavelength structures or particles heavily depend on the 
coupling between the incident photons and the optical 
anisotropy of the sample at the nanoscale. Calculations of the 
polarization states of scattered photons in the far-field 
demonstrate that parametric images can have a resolving 
power beyond the diffraction limit of conventional microscopy. 
This advantage was exploited in this work to determine whether 
virus-like particles were attached to the nanodots array. The 
lower right part of Fig. 1 displays images from a Scanning 
Electron Microscope (SEM), conventional microscope and PIMI 
of the same region on the gold nanodot array.  An intact virus 
particle typically has a dimension of 100 nm, close to the size of 
a single nanodot and below the optical diffraction limit. As 
shown in Fig. 1, the point spread function of conventional 
microscopy smeared out any structural features of the 
nanodots, making it impossible to recover information about 
possible virus-like particles that may have attached to the gold 
dots. The PIMI images in the upper right of Fig. 1, however, 
show that the scattering photon state pattern of the nanodots 
exhibits high sensitivity to the attachment of virus particles. 
The virus (obtained from Hanbio Technology Co., Ltd), was 
dissolved in phosphate buffer saline (PBS). After being diluted 
to the concentration of 1 ng/mL, a microdroplet of around 1 μL 
was dropped directly on the gold nanoarray.  Virus-like particles 
in the droplet randomly attach to the gold disk due to Brownian 
motion and surface adsorption, which breaks the periodic 
structure of nanodots and results in a local variation of the 
scattering photon state distribution in the PIMI images. To 
quantitively evaluate the influence of virus particles attaching 
to a gold nanodisk, the Finite Difference Time Domain (FDTD) 
method was used to simulate PIMI images for the experimental 
configuration. For comparison, every simulation image is down-
sampled to the same pixel density as the experiment image.
Every four neighboring nanodots were grouped as a four-
quadrant sensing channel and the purpose of such a four-
quadrant sensing configuration is to provide a self-reference of 
the scattering pattern in each group, suppressing the effects of 
minor variations in morphology between individual nanodots in 
the quantitative analysis. Furthermore, this four-quadrant 
sensing channel will provide a mechanism for fast confirmation 
the virus particle location in the whole sensing array, by 
repetitively analyzing each four-nanodot lattice, as shown in 
later parts.
For the gold nanodots with the interval of 1μm, Fig. 3 shows 
the comparison between the four bare disks and four gold disks 
with a virus particle located among them. When the virus 
particle is in the vicinity of a gold disk, the symmetry of the 
localized surface plasmon resonance (LSPR) of the gold disk and 
the symmetry of the scattered photon state distribution are 
both broken, which is shown clearly in Fig. 3b. This change is 
barely visible in the conventional microscopy images (Fig. 3a) 
because the attached virus results in only a small variation in 
the number of scattered photons (and hence intensity) and 
cannot be distinguished from the variation caused by 
background impurities lying on the substrate or irregularities in 
the shape of the gold nanodots. On the other hand, polarization 
states distribution of the scattered photons was drastically 
changed by the attached virus, not only due to the symmetry 
breaking of the morphological structure of the gold nanodisk, 
but also the plasmonic emission condition which is associated 
with collective electron oscillation in the gold disk. The 
disturbance to the plasmonic emission further enhances the 
asymmetry of the photon states distribution induced by the 
structure of the gold disk-virus combination. As shown in Fig. 
3b-3c, the simulation and experimental PIMI images sinδ and ϕ 
show a significant variation due to the disturbance of the 
structural periodicity of the nanodots.
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Fig. 3 (a) From left to right: SEM and conventional images of 
bare gold disks, SEM and conventional images of deposited 
gold disks, Scalebar: 500 nm, (b) From left to right: simulation 
result of bare gold disks, experiment result of bare gold disks, 
the simulation result of deposited gold disks, experiment result 
of deposited gold disks for PIMI sinδ images, (c) From left to 
right: simulation result of bare gold disks, experiment result of 
bare gold disks, the simulation result of deposited gold disks, 
experiment result of deposited gold disks for PIMI ϕ images, 
(d) comparison of characteristic curves for bare and deposited 
gold disks following the six lines labeled in (b) and (c). Blue 
curves represent bare gold and red curves represent gold 
attached with virus.
Characteristic curves were plotted along the trajectory 
shown in Fig. 3b and 3c, to show the detailed features of the 
PIMI images. In each figure, regularly appeared peaks in the 
curve from bare gold disks were disturbed by the attached virus, 
as indicated by the difference between the red and blue curves 
in Fig. 3d. In the characteristic curve along certain directions, 
the difference was significant due to the drastic change of the 
scattering photon states caused by the virus, e. g., the 
disappearance of the third peak in the red curve of 5 in Fig. 3d.  
This change of characteristic curve can also be utilized to 
identify which nanodot was attached by the virus and its 
attaching direction, i. e., from the left upper corner of the 
attached nanodot.
Fig. 4 (a) partition of PIMI sinδ(top) and ϕ images(bottom). (b) 
separation of every site in SEM image. (c)   on the array 𝐴psin𝛿
surface. (d)   on the array surface𝐴pФ
To quantify the aperiodicity caused by virus, two 
characteristic parameters were defined to describe the 
aperiodicity of sinδ and ϕ at every nanodisk site. As shown in 
Fig. 4a, the photon state distribution at each site is split into four 
parts, which correspond to the four peaks of the scattering light 
distribution. We sum the pixel intensities in the four parts and 
define
                  (2)𝐴𝑝𝑠𝑖𝑛 𝛿 = 𝐴/𝐵 + 𝐵/𝐴 + 𝐶/𝐷 + 𝐷/𝐶
where  represents the aperiodicity of the sinδ image, and 𝐴𝑝𝑠𝑖𝑛 𝛿
A, B, C, D represents the sum of the pixel intensities in the four 
parts.  represents the aperiodicity factor of ϕ image, and 𝐴𝑝Ф
shares the same formula as Eq 2 with . For a 6×8 array, 𝐴𝑝𝑠𝑖𝑛 𝛿
and   are shown in Fig. 4c and Fig. 4d, respectively. 𝐴𝑝𝑠𝑖𝑛 𝛿 𝐴𝑝Ф
We can therefore make a preliminary connection between a 
gold nanodot with virus and values of ,  with a higher 𝐴𝑝𝑠𝑖𝑛 𝛿  𝐴𝑝Ф
value being associated with a higher probability of the presence 
of virus.  
However, although there was virus present in the square of 
row 6, column 2, its  and  values were relatively low, 𝐴𝑝𝑠𝑖𝑛 𝛿 𝐴𝑝Ф
i.e., 0.0488 and 0.0418, respectively. This is because the virus 
was too far away from the gold nanodot to modify the scattered 
photon distribution. The broken LSPR caused by virus-like 
particles only occurs at a distance smaller than half wavelength, 
which means the period of gold nanodots determined the ratio 
of detection area. In this paper, a series of distances between 
virus and gold nanodots are simulated to determine the 
detecting radius of nanodots, which is written as . After 𝑅𝑑𝑒𝑡
evaluating the values of the corresponding aperiodicity,   is 𝑅𝑑𝑒𝑡
estimated to be around 150 nm (Supporting Information and 
Fig. S5). 

























































































































Journal Name  COMMUNICATION
This journal is © The Royal Society of Chemistry 20xx J. Name., 2013, 00, 1-3 | 5
Please do not adjust margins
Please do not adjust margins
Here, we can also calculate the detecting limit of virus 
concentration. If  viruses randomly distributed on the 𝑁
substrate and at least one virus is detected by the gold array, 
the minimum number of the virus should obey the inequality 
below:







Here  is the interval of gold nanodots. We assume that the 𝐿
sample volume of 150μL is reasonable for a real test. When  is 𝐿
1μL as we designed, the calculated detecting limit of 
concentration is 96 copies/150μL. With a smaller , the 𝐿
detecting limit of concentration will decrease to 21 
copies/150μL. The limit is very competitive compared with 
conventional PCR methods, in which the common value is from 
102-103 copies/1mL (more details in Supporting Information).  
However, the denser gold nanodots will also lead to the 
overlap and merging of LSPR between two nanodots, which 
causes a more complex condition.  The interval of 1 µm is an 
acceptable distance to distinguish the scattering field of two 
neighboring gold nanodots. To clarify the influence of the 
interval distance of the nanodisk, another gold nanodot array 
with 0.5 µm interval is fabricated, and under such interval, the 
light coupling between adjacent dots could not be ignored (Fig. 
S4). Under this interval, PIMI ϕ image is rambling and cannot be 
used to accurately distinguish the virus-like particles. The 
scattering field of δ from neighboring nanodots will merge into 
one and every four dots were grouped as a four-quadrant 
sensor. As shown in Fig. 5, a virus-like particle will always fall 
within the sensing area of a certain group of four nanodots and 
affect its scattering distribution. To find a parameter to define 
and quantify the aperiodicity on the whole field, like the 
condition of 1μm interval, is difficult to achieve. Here four other 
characteristic curves are utilized to quantify the influence of 
virus particles in the vicinity of the gold nanodots at the same 
region in Fig. 5b and 5c.
Fig. 5 (a) SEM image for a four-quadrant sensor with a virus, 
(b) sinδ image of the four-quadrant sensor before deposition, 
(c) sinδ image of four-quadrant sensor after deposition, scale 
bar for (a)-(c) is 0.5 μm, (d) Four characteristic curves labeled 
in (b). Blue curves represent bare gold and red curves represent 
gold attached with virus.
The characteristic curves for sinδ images before and after 
deposition of virus are shown in Fig. 5d. In general, the 
amplitude of characteristic curves decreases, due to the 
reduction of polarization characteristics caused by the virus-like 
particle. Characteristic curves before deposition mainly possess 
regular peaks with the same amplitude. After deposition, 
however, curves crossing the center of the disk connected with 
virus generate a height difference among peaks. It is clear that 
in the curve of 1 and 3 in Fig. 5(d), the virus raises the local 
aperiodicity and hardly influences the peaks in curves 2 and 4 in 
Fig. 5(d). The results for the gold nanodots with an interval of 
0.5 μm verify the detecting feasibility at a higher ratio of the 
detection area, and it can hardly conduct a quantitative analysis 
at every site and obtain similar tables of aperiodicity in Fig. 4 
due to interaction within adjacent gold nanodots.
Conclusions
In conclusion, we have demonstrated a method for label-free 
sensing of virus-like particles using a wide-field optical imaging 
system with a specially designed gold nanodot array. The 
scattering spatial spectra of the photon states was found to be 
highly sensitive to the presence of virus particles attached to or 
close to gold nanodots. The presence and location of virus-like 
particles below the diffraction limit can be sensed by 
quantitative evaluation of the scattering pattern. This technique 
has the advantages of requiring minimal sample preparation, 
purification, and labeling, and eliminates the need for stringent 
and time-consuming image processing. Furthermore, the gold 
nanodot array provides a platform with the potential of high 
throughput parallel sensing in wide-field images, employing 
each nanodot group in the field of view to act as a sensing 
channel for viruses. The gold nanoarrays on a silicon substrate 
can be fabricated using standard CMOS foundry process or 
nanoimprint technology, which makes it easy to be fabricated 
at a large scale at a relatively low cost. Hopefully, this can be 
developed to handle the complex detection process for 
infectious diseases. We did not give a complete system with a 
set judging condition or detection rate. This work currently only 
confirms the single-particle level detecting ability of our 
method. Also, it should be noted that we used samples with 
known adenovirus particles to prove the capability of this 
method as a fast onsite screening technique before detailed 
analysis of the sample using lab-based techniques such as PCR. 
In future work, antibody modification of the nanodots will be 
employed to achieve virus-specific capturing and sensing, 
allowing accurate screening of samples with unknown particles 
and contaminations with similar size and morphology as the 
target virus particles.
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